Ral GDP dissociation stimulator (RalGDS), a putative eector protein of Ras, stimulated the GDP/GTP exchange reaction of the post-tanslationally lipid-modi®ed but not the unmodi®ed form of Ral in response to epidermal growth factor in COS cells. The RalGDS action on Ral was enhanced by an active form of Ras but not a Ras mutant which was not post-translationally modi®ed in the cells. The RalGDS activity was inhibited by acidic membrane phospholipids such as phosphatidylinositol and phosphatidylserine but not by phosphatidylcholine or phosphatidylethanolamine in vitro. The posttranslationally modi®ed form but not unmodi®ed form of Ras, Ral, and Rap were incorporated in liposomes consisting of these phospholipids. When Ral was incorporated alone in the liposomes, RalGDS did not stimulate the dissociation of GDP from Ral. When Ral was incorporated with the GTP-bound form of Ras in the liposomes, RalGDS stimulated the dissociation of GDP from Ral, while the GDP-bound form of Ras did not aect the RalGDS action. The Ras-dependent Ral activation through RalGDS required the Ras-binding domain of RalGDS. Rap, which shared the same eector loop as Ras, also stimulated the dissociation of GDP from Ral through RalGDS in the liposomes, although Rap did not enhance the RalGDS action in COS cells. Taken together with our previous observations that Ras recruits RalGDS to the membrane, these results indicate that the post-translational modi®cations of Ras and Ral are important for Ras-dependent Ral activation through RalGDS and that colocalization of Ras and Ral on the membrane is necessary for Ral activation in intact cells.
Introduction
Ral GDP dissociation stimulator (RalGDS) has been originally isolated by polymerase chain reaction (PCR) using regions conserved between CDC25 and ste6 proteins, two guanine nucleotide exchange proteins known to regulate Ras in Saccharomyces cerevisiae and Schizosaccharomyces pombe, respectively (Albright et al., 1993) . RalGDS shares a high homology with the region of CDC25 which is important to stimulate the GDP/GTP exchange of Ras. However, RalGDS does not aect the GDP/GTP exchange of Ras. Among several small G proteins, RalGDS stimulates the GDP/ GTP exchange only of Ral. From these observations, RalGDS has been implicated in the regulation of the GTP state of Ral (Albright et al., 1993) . We and other groups have found that RalGDS is a putative eector protein of Ras (Hofer et al., 1994; Spaargaren and Bischo, 1994) and proposed that there is a new signaling pathway from Ras to Ral through RalGDS. Indeed, it has been shown that RalGDS stimulates the GDP/GTP exchange of Ral in a Ras-dependent manner in COS cells and that a dominant negative form of Ral blocks Ras-dependent transformation in NIH3T3 cells . Raf is a well known Ras eector protein Avruch et al., 1994) . It has been demonstrated that RalGDS cooperates synergistically with Raf to transform NIH3T3 cells (White et al., 1996) . We have found that protein kinase A selectively regulates the interaction of Ras with Raf and RalGDS, that dierent eector loop mutants of Ras selectively bind to Raf and RalGDS, and that Raf and RalGDS synergistically stimulate c-fos promoter activity (Kikuchi and Williams, 1996; Okazaki et al., 1997) . Therefore, RalGDS could constitute a Ras-signaling pathway distinct from Raf. However, the mechanism by which Ras activates RalGDS to transmit the signal to Ral is unclear.
In a Ras-signaling pathway, translocation of the proteins to the membrane is necessary for both the activation and action of Ras (Marshall, 1995b; Wittinghofer and Herrmann, 1995; McCormick, 1996) . Ras resides on the plasma membrane through its post-translational lipid-modi®cation (Lowy and Willumsen, 1993) . Normally Sos, a GDP/GTP exchange protein of Ras, is found predominantly in the cytosol and presumably it has poor access to Ras (Buday and Downward, 1993; . Upon epidermal growth factor (EGF) stimulation of the cell, binding of Sos to the EGF receptor/Grb2 complex brings a signi®cant portion of Sos to the membrane. The increase in eective concentration of Sos in contact with Ras at the plasma membrane is sucient to cause the activation of Ras. Furthermore, Sos is more active on the post-translationally modi®ed form of Ras than the unmodi®ed form, which is unable to bind to the membrane (Por®ri et al., 1994) . However, catalytic exchange activity of Sos is unaltered by the association of Sos with the EGF receptor/Grb2 complex . These results indicate that EGF activates Ras by recruiting Sos to the plasma membrane. When Ras is activated, Raf translocates from the cytosol to the membrane by binding to Ras and is activated to transmit the signal to mitogen-activated protein kinase cascade (Marshall, 1995a) . Raf which has a membrane-targeting motif is constitutively activated without the activation of Ras (Leevers et al., 1994; Stokoe et al., 1994) . Thus, a role of Ras in the activation of Raf could be to recruit Raf to the membrane, although it is not clear how Raf is activated after translocation to the membrane. It is speculated that there is a protein or a lipid which activates Raf on the plasma membrane. We have recently demonstrated that Ras induces the translocation of RalGDS to the membrane and that RalGDS is more active on the post-translationally modi®ed form of Ral than the unmodi®ed form (Hinoi et al., 1996) . These results suggest that Ras recruits RalGDS to the membrane, resulting in placing RalGDS in the vicinity of Ral which is localized to the membrane through its post-translational modi®cation and in activating Ral.
Extending these observations, we have examined the mode of activation of RalGDS by Ras. We show here that the post-translational modi®cations of both Ras and Ral are required for stimulating the GDP/GTP exchange of Ral by Ras through RalGDS in COS cells. Furthermore, we develop a liposome reconstitution assay system and demonstrate that RalGDS stimulates the dissociation of GDP from Ral in a Ras-dependent manner in vitro. These results indicate that colocalization of Ras and Ral on the membrane through their modi®cations is necessary for Ras-dependent Ral activation through RalGDS.
Results

Eects of the post-translational modi®cations of Ras and Ral on Ras-dependent Ral activation through RalGDS in intact cells
It has been shown that Ras stimulates the GDP/GTP exchange of Ral through RalGDS in COS cells . Since it has been known that the post-translational modi®cation of Ras is important for the activation of Raf Yamamori et al., 1995; Okada et al., 1996) , ®rst we examined the eect of the modi®cation of Ras on the RalGDS action in intact cells. Ral, which was tagged with the hemagglutinin (HA) epitope at the Nterminus, was coexpressed with RalGDS and Ras
G12V
, an active form of Ras, or Ras G12VD , a Ras G12V mutant which was not post-translationally modi®ed, in COS cells. The expression level of Ral was not changed by the coexpression of RalGDS and Ras G12V or Ras G12VD ( Figure 1a , lanes 1 ± 4). Ral and Ras
were expressed in both the cytosol and membrane fractions, while Ras G12VD was expressed in the cytosol but not the membrane fractions (Hinoi et al., 1996; Matsubara et al., 1997) . The cells were labeled with inorganic 32 Pi and Ral was immunoprecipitated with the anti-HA antibody. The proportion of GTP bound to Ral was quanti®fed by the thinlayer chromatography method (Satoh et al., 1990; Urano et al., 1996) (Figure 1b) . When Ral was expressed alone, the percentage of the GTP-bound form of Ral was about 5%. Consistent with the previous observations , coexpres- Figure 1a , lanes 5 ± 7). When Ral C203S was expressed alone, the percentage of the GTP-bound form of Ral C203S was about 5% (Figure 1b) . RalGDS increased the proportion of GTP bound to Ral C203S as well as Ral. However, Ras G12V did not aect the RalGDSdependent GDP/GTP exchange of Ral
C203S
. These results indicate that the post-translational modifications of both Ras and Ral are necessary for transmitting the signal from Ras to Ral through RalGDS in intact cells.
Previously we have found that RalGDS interacts with Ras in response to EGF in COS cells (Kikuchi and Williams, 1996) . We examined whether EGF stimulates the GDP/GTP exchange of Ral through RalGDS. When Ral was expressed alone, EGF hardly increased the proportion of GTP bound to Ral. When Ral and RalGDS were coexpressed, EGF signi®cantly increased the proportion of GTP bound to Ral (Figure 2 ). The activation of Ral was reached to the maximal level at 3 min, then gradually decreased and returned to the basal level at 10 min. However, EGF did not increase the proportion of GTP bound to Ral C203S even in the presence of RalGDS (Figure 2 ). These results demonstrate that Ral is activated in response to an extracellular signal through RalGDS in intact cells and that the posttranslational modi®cation of Ral is required for its activation.
Eects of phospholipids on the RalGDS activity
It is known that phospholipids in the membrane aect the actions of GTPase activating protein for Ras and smgGDS which is a GDP/GTP exchange protein for Ras and Rap, and the GDP/GTP exchange activities of CDC42 (Tsai et al., 1990; Kawamura et al., 1991; Zheng et al., 1996) . Therefore, we examined the eect of phospholipids on Ral and RalGDS. None of phospholipids such as phosphatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and phosphatidylcholine (PC) aected the guanosine 5'-(3-O-thiotriphosphate) (GTPgS)-binding activity of Ral (data not shown). Acidic phospholipids, PS and PI, inhibited the RalGDS activity to stimulate the binding of GTPgS to Ral in a dose-dependent manner, whereas PC and PE were ineective ( Figure 3a ). The eciency of PI was higher than that of PS, and IC 50 of PI was about 40 mM. Although we do not know the physiological signi®cance of the inhibitory action for RalGDS by these acidic phospholipids, these results suggest that Ral on the membrane is hard to be activated by RalGDS itself in intact cells.
Liposome reconstitution assay system
To clarify the mode of activation of RalGDS by Ras, we developed a reconstitution assay system of RalGDS using the liposomes consisting of PS, PI, PC, and PE. Pi. The cells were treated with 50 mM Na 3 VO 4 for 30 min prior to the stimulation with 100 ng/ml EGF for the indicated periods of time. The amount of the GTP-bound form of Ral was expressed as the percentage of the total amount of Ral. The results shown are representative of three independent experiments the liposomes, GDP was slowly dissociated from Ral in a time-dependent manner with the same eciency in the absence of RalGDS (Figure 4a ). When the GTPgS-bound form of Ras was incorporated with Ral in the liposomes, RalGDS stimulated the dissociation of GDP from Ral ( Figure 4a ). RalGDS stimulated this Ras-dependent dissociation of GDP from Ral in a dose-dependent manner (Figure 4b ). RalGDS-(1-633) (amino acids 1 ± 633), in which Ras-interacting domain was deleted, did not stimulate the dissociation of GDP from Ral, even though the GTPgS-bound form of Ras was incorporated with Ral in the liposomes ( Figure  4b ). When the GDP-bound form of Ras was incorporated with Ral in the liposomes, RalGDS did not stimulate the dissociation of GDP from Ral ( Figure 4a ). Previously we have isolated RalGDS like (RGL), a homolog of RalGDS, as a Ras-interacting protein . RGL also stimulated the dissociation of GDP from Ral in a dose-dependent manner in the presence of the GTPgS-bound form of Ras (Figure 4b ). These results are consistent with the results in Figures 1 and 2 showing that colocalization of Ras and Ral is necessary for Ras-dependent Ral activation through RalGDS and indicate that Ras can activate Ral through RalGDS without other factor(s).
Eect of Rap on the RalGDS activity
It is known that RalGDS binds to Rap, R-Ras, and TC21 in addition to Ras, but not to RhoA, Rac, or CDC42 (Hofer et al., 1994; Spaargaren and Bischo, 1994; Lopez-Barahoma et al., 1996; Urano et al., 1996) . We examined the eects of other small G proteins on the RalGDS activity in the liposomes. Unlike Ras, neither the GTPgS-nor the GDP-bound form of CDC42 aected the RalGDS activity to dissociate GDP from Ral (Figure 5a ). RalGDS stimulated the dissociation of GDP from Ral when the GTPgS-bound form of Rap was incorporated with Ral ( Figure 5a ). The GDPbound form of Rap did not stimulate the RalGDS activity (Figure 5a ). This action of Rap was dependent on the molar ratio of Rap to Ral incorporated in the liposomes and stronger than that of Ras (Figure 5b ). These results are consistent with the observation that the anity of Rap to RalGDS is higher than that of Ras (Hermann et al., 1996) . However, Rap
Q63E
, an active form of Rap, did not stimulate the RalGDS activity in COS cells , Figure 1a and b, lane 8). These results suggest that Rap has an ability to bind to RalGDS but that it can not deliver RalGDS to Ral in COS cells probably due to dierent subcellular localization of Rap and Ral.
Discussion
We have demonstrated here that EGF increases the GTP-bound form of Ral in COS cells and that the post-translational modi®cation of Ral is required for its activation in response to EGF. We have also shown that the post-translationally unmodi®ed form of Ras does not stimulate the RalGDS activity to increase the GTP-bound form of Ral in COS cells and that Ras does not increase the GTP-bound form of the unmodi®ed form of Ral in a RalGDS-dependent manner. These results are the ®rst demonstration showing that Ral is activated in response to an extracellular signal, consistent with our previous observations that the post-translational modi®cation of Ras is necessary for translocation of RalGDS to the membrane (Hinoi et al., 1996) , and indicate that the post-translational modi®cations of both Ras and Ral are important for Ras-dependent Ral activation through RalGDS in intact cells. We have also demonstrated that PI and PS inhibit the RalGDS activity. Although we do not know the physiological signi®cance of the inhibitory eect of these phospholipids at present, it is conceivable that membrane phospholipids render RalGDS inactive on Ral localized to the membrane in the cells. Therefore, it is possible that the binding to Ras may enable RalGDS to be active on Ral by overcoming the eect of membrane phospholipids.
Using the liposome reconstitution system, we have further demonstrated that the GTPgS-but not the GDP-bound form of Ras stimulates the RalGDS activity to stimulate the dissociation of GDP from Ral and that this Ras-dependent Ral activation requires the Ras-interacting domain of RalGDS. These results con®rm in vivo observations that expression of activated Ras in COS cells results in the activation of Ral and provide a complete biochemical assay for Ras to activate Ral through RalGDS. Therefore, these results indicate that colocalizatioin of Ras and Ral on the membrane through their modi®cation is important for the signaling pathway from Ras to Ral through RalGDS and support the possibility that Ras recruits RalGDS to place it in the vicinity of Ral, resulting in the activation of Ral.
Two models of the activation of the eector proteins by Ras is conceivable (McCormick, 1996) . In the ®rst model, Ras which is localized to the plasma membrane binds to an eector protein and translocates it to the membrane. Membrane proteins or lipids then activate the newly recruited eector protein in a manner that does not depend on Ras directly. Alternatively, the substrate for the eector protein is localized to the membrane. The role of Ras in the activation of the eector protein is to deliver it to the plasma membrane. This is the case for c-Raf-1 Avruch et al., 1994) . The recruitment of c-Raf-1 by Ras to the plasma membrane appears to be sucient to stimulate its kinase activity, since the addition of a membrane-targeting motif to c-Raf-1 enables it to activate without the activation of Ras (Leevers et al., 1994; Stokoe et al., 1994) . In the second model, Ras binds to its eector proteins and causes a conformational change that results in their activation. This is the case for B-Raf and yeast adenylate cyclase (Horiuchi et al., 1992; Yamamori et al., 1995) . Ras activates these proteins in a cell-free system using the puri®ed proteins by direct interaction and subsequent allosteric activation.
The exact mechanism by which Ras activates Ral through RalGDS is not clear. Our results have shown that the post-translationally modi®ed but not unmodi®ed form of Ras stimulates the RalGDS activity in COS cells. We have already found that both the modi®ed and unmodi®ed forms of Ras binds to RalGDS in the cells (Hinoi et al., 1996) . Therefore, it appears that the binding of Ras to RalGDS is not sucient for RalGDS activation and that the modi®cation of Ras is necessary for allosteric activation of RalGDS. However, it is also conceivable that the unmodi®ed form of Ras can not place RalGDS in the vicinity of Ral although the unmodi®ed form of Ras can activate RalGDS. Our results have also shown that Rap stimulates the RalGDS action on Ral in the liposomes but not in COS cells. The discrepancy between the results using the cell-free system and intact cells might be explained by the possibility that the subcellular localizations of Rap and Ral are dierent, thereby Rap can not deliver RalGDS to Ral in the cells. Indeed, it has been reported that Ras is mainly localized to the plasma membrane, that Ral is found in not only the plasma membrane but also endocytotic and exocytotic vesicles, and that Rap is localized to the late endosome, granules, and the plasma membrane (Maridonneau Parini and de Gunzburg, 1992; Berger et al., 1994; Feig et al., 1996) . Taken together, our results indicate that the translocation of RalGDS may be important for the activation of Ral rather than allosteric activation, although caution is necessary in interpreting this negative result that Rap does not stimulate the GDP/GTP exchange of Ral in COS cells. Of course, we can not neglect the possibility that only the post-translationally modi®ed form of Ras can activate RalGDS by allosteric eect although both the modi®ed and unmodi®ed forms of Ras bind to RalGDS.
It has been shown that the functions of Raf are variable depending on its subcellular localization (Gajewski and Thompson, 1996; Wang et al., 1996; Zha et al., 1996) . When Raf is recruited to the plasma membrane by Ras, it phosphorylates MAPK kinase, resulting in stimulating cell proliferation. However, when Raf is targeted to the outer mitochondrial membrane by Bcl-2 which blocks apoptosis, it 2) or with the GTPgS-(lanes 5, 6, 9, 10, 13, and 14) or the GDP-(lanes 3, 4, 7, 8, 11, and 12) bound form of Ras (lanes 3 ± 6), Rap (lanes 7 ± 10), or CDC42 (lanes 11 ± 14) in the liposomes, was incubated with ( ) (lanes 2, 4, 6, 8, 10, 12, and 14) or without ( ) (lanes 1, 3, 5, 7, 9, 11, and 13) RalGDS (94 nM) for 30 min at 308C, then the remaining radioactivity was counted. The molar ratios of Ral to Ras, Ral to Rap, and Ral to CDC42 were 1 : 3.4, 1 : 3, and 1 : 3. phosphorylates directly or indirectly BAD, which exerts its death eects by heterodimerizing with Bcl-2, resulting in enhancing cellular resistance to apoptosis. From these results, it is possible that subcellular localization of a protein aects its functions since its substrates are dierent. RalGDS has been shown to interact with not only Ras but also Rap, R-Ras, and TC21 (Hofer et al., 1994; Spaargaren and Bischo, 1994; Lopez-Barahoma et al., 1996) . Therefore, it is intriguing to speculate that RalGDS exerts the actions other than the GDP/GTP exchange of Ral after translocation to intracellular organelle other than the plasma membrane by Rap, RRas, and TC21, although the subcellular localizations of R-Ras and TC21 are not clear.
The experiments shown here were performed in COS cells that overexpressing Ras, Rap, Ral, and RalGDS, and in liposomes in vitro. It is possible that RalGDS activity we observed in COS cells are representative of that which occurs in mammalian cells expressing endogenous levels of these proteins and that the liposome assay system will be helpful in future studies designed to clarify the mechanism by which Ras activates Ral. Further studies are necessary to understand the whole picture of the physiological roles of a Ras-signaling pathway through RalGDS family.
Materials and methods
Materials and chemicals
The cDNAs of RalGDSb and RalB, Rap1 and Rap1 Q63E , and CDC42 were kindly supplied from Drs RA Weinberg (Whitehead Institute for Biomedical Research, Cambridge, MA), C Der (University of North Carolina, Chapel Hill, NC), and K Kaibuchi (Nara Institute of Science and Technology, Ikoma, Japan), respectively. Baculoviruses producing glutathione S-transferase (GST)-fused to small G proteins were generated as described (Hinoi et al., 1996; Murai et al., 1997) . All procedures of passage, infection, and transfection of Sf9 cells and the isolation of recombinant baculoviruses were carreid out as described (Summers and Smith, 1987) . PS, PI, and PE and PC were from Wako Pure Chemical Industry Ltd. (Osaka, Japan) and Sigma Chemical Company (St. Louis, MO), respectively. 3-((3-cholamidopropyl)dimethylammonio)-1-propanesulfonate (CHAPS) and n-octylglucoside were from Dojindo Laboratories (Kumamoto, Japan), and EGF was from Boehringer Mannheim GmbH (Mannheim, Germany 
Plasmid constructions
pGAD/RalGDSb and pBJ-Myc were constructed as described Murai et al., 1997) . pGAD/ RalGDSb was digested with EcoRI and BamHI, and the fragment endcoding RalGDSb was blunted with Klenow fragment, then inserted into the SmaI cut pBSKS to generate pBSKS/RalGDSb. BamHI linker was inserted into the EcoRV cut pBSKS/RalGDSb and this plasmid was digested with BamHI, then the fragment encoding RalGDSb was inserted into the BamHI cut pBJ-Myc to generate pBJ-Myc/ RalGDSb. To construct pGEX-2T/RalGDSb-(1-633) the fragment encoding RalGDSb-(1 ± 633) with BamHI and EcoRI sites was synthesized by polymerase chain reaction (PCR). This fragment was digested with BamHI and EcoRI and inserted into the BamHI and EcoRI cut pGEX-2T. To construct pCGN/RalB C203S , a Ral mutant in which Cys-203 is changed to Ser, the fragment encoding RalB C203S with XbaI and BamHI sites was synthesized by PCR, digested with XbaI and BamHI and inserted into the XbaI and BamHI cut pCGN. The fragments encoding Rap1 and Rap1 Q63E , an active form of Rap 1 mutant in which Gln-63 is changed to Glu (Maly et al., 1994) , with XbaI and SmaI sites were synthesized by PCR, digested with XbaI and SmaI, and inserted into the XbaI and SmaI cut pCGN to generate pCGN/Rap1 and pCGN/Rap1 Q63E . To construct pVIKS/ Rap1, pCGN/Rap1 was digested with XbaI and SmaI, and the fragment encoding Rap1 was inserted into the XbaI and SmaI cut pVIKS. To construct pBJ-Myc/Rap1 Q63E , pCGN/ Rap1 Q63E was digested with XbaI and BamHI, and the fragment encoding Rap Q63E was inserted into the XbaI and BamHI cut pBJ-Myc. pBJ/Ras G12V , pBJ/Ras G12VD and pCGN/ RalB wre constructed as described Hinoi et al., 1996; Murai et al., 1997) .
Protein puri®cation
The post-translationally modi®ed form of GST-fused to Ras (GST-Ras), GST-RalB, GST-Rap1, and GST-CDC42 were puri®ed from the membrane fraction of Sf9 cells as described (Hinoi et al., 1996) except that n-octylglucoside was used instead of CHAPS. The membrane extract was prepared by the use of 1.17% (40 mM) n-octylglucoside in a buer (20 mM Tris/HCl [pH 7.5], 1 mM EGTA, 5 mM MgCl 2 , 1 mM dithiothreitol (DTT), 20 mg/ml leupeptin, 20 mg/ml aprotinin, and 1 mM phenylmetylsulphonyl¯uoride) and glutathione-Sepharose 4B column chromatography was carried out in the presence of 0.88% (30 mM) n-octylglucoside in the same buer. GST-RalGDSb, GST-RalGDSb-(1 ± 633) and GST-RGL were puri®ed from Escherichia coli as described (Hinoi et al., 1996; Murai et al., 1997) .
GDP/GTP exchange assay of RalGDS in intact cells
COS cells (60 ± 70% con¯uent on a 35 mm-diameter plate) were transfected with pCGN-and pBJ-derived constructs described above using the DEAE-dextran method (Gorman, 1985) . After 48 h, the cells were serum-starved and metabolically labeled with 32 Pi (0.1 mCi/ml) in phosphatefree RPMI 1640 for 12 h. When speci®ed, the cells were treated with 50 mM Na 3 VO 4 for 30 min and stimulated with 100 ng/ml EGF. Then the cells were lysed and Ral was immunoprecipitated with the anti-HA antibody as described (Murai et al., 1997) . After extensive washing of the immunoprecipitates, bound guanine nucleotides were eluted, separated by ascending thin-layer chromatography (Satoh et al., 1990; Urano et al., 1996) , and analysed with Fuji BAS 2000 image analyzer. The relative molar ratio of GTP and GDP was corrected for the number of phosphates per mol of guanosine, and the amount of the GTP-bound form of Ral was expressed as percentage of the total amount of Ral.
Reconstitution of small G proteins into liposomes
Liposomes were made by sonication of dried lipids containing PS, PI, PC, and PE in a buer (20 mM Tris/ HCl [pH 7.5] and 1 mM DTT). Sonication was carried out on ice for 45 s at a 15 s-interval 15 times. To make the post-translationally modi®ed [
3 H]GDP-bound form of Ral, the modi®ed form of Ral (15 pmol) was incubated with 5 mM [ 3 H]GDP (12 000 ± 15 000 d.p.m./pmol) in 20 ml of reaction mixture (50 mM Tris/HCl [pH 7.5], 5 mM MgCl 2 , 10 mM EDTA, 15 mM n-octylglucoside, 1 mM DTT, and 1 mg/ml bovine serum albumin (BSA)) for 10 min at 308C. The post-translationally modi®ed [
3 H]GDP-bound form of Ral (10 pmol) was added to the liposomes and incubated for 10 min on ice in 400 ml of reaction mixture (20 mM Tris/HCl [pH 7.5], 5 mM MgCl 2 , 0.67 mM EDTA, 1 mM noctylglucoside [1/25 of critical micellar concentration], 1 mM DTT, and 0.06 mg/ml BSA). The ®nal concentrations of PS, PI, PC, and PE were 600, 60, 280, and 640 mM, respectively. After the incubation, the mixture was centrifuged on a discontinuous sucrose density gradient at 100 0006g for 2 h at 48C. The discontinuous gradient consisted of 1 ml of Buer A (20 mM Tris/HCl [pH 7.5], 5 mM MgCl 2 , 1 mM DTT, and 0.05% CHAPS) containing 1.2 M sucrose and 2.5 ml of Buer A containing 0.15 M sucrose in a 4 ml tube from the bottom in this order. After the centrifugation, fractions of 200 ml each were collected. The radioactivity of a 20 ml aliquot of each fraction was counted after ®ltration through the nitrocellulose ®lters. 
RalGDS assay in the liposomes
GST-RalGDSb, GST-RalGDSb-(1 ± 633), or GST-RGS (7.5 pmol each) was incubated with the liposomes which contained the [ 3 H]GDP-bound form of Ral (0.5 pmol) and the GTPgS-or GDP-bound form of Ras, Rap, or CDC42 (0.5 ± 4 pmol) in 80 ml of reaction mixture (50 mM Tris/HCl [pH 7.5], 5 mM MgCl 2 , 200 mM GTP, 0.031% CHAPS, and 1 mM DTT) for 30 min at 308C. Assays were quanti®ed by rapid ®ltration on nitrocellulose ®lters (Albright et al., 1993) .
Other assays
The GTPgS-binding activities of RalB, Ras, Rap1, and CDC42 were determined as described (Hinoi et al., 1996) . The RalGDS activity to stimulate the binding of GTPgS to Ral free from the liposomes was determined as described (Hinoi et al., 1996) . Protein concentrations were determined with BSA as a standard (Bradford, 1976) .
